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Carrier dynamics in a thin GaN epilayer with a thickness of 0.15 mm almost coherently grown on
Al0.2Ga0.8N was investigated using transient absorption spectroscopy above and below the band gap. The
absorption peak of excitons was observed at 3.521 eV without a pump beam. Just after the photoexcitation
above the band gap, the bleaching occurred and the absorption peak of excitons disappeared due to high-
density photogenerated carriers. At about 30 ps, the absorption peak was restored at 3.527 eV, as the carriers
were decreased owing to radiative and/or nonradiative recombination. After that, the absorption spectra were
larger than that without a pump beam. This is because excitonic absorption suppressed by both Franz-Keldysh
and Stark effects is restored by photoinduced carriers as a result of the screening of the internal electric field.
DOI: 10.1103/PhysRevB.65.073308 PACS number~s!: 78.20.2e, 71.35.2y, 78.47.1p, 77.65.Ly
GaN based semiconductors have recently attracted a lot of
attention for their application as light-emitting diodes
~LED’s! ~Refs. 1,2! and laser diodes ~LD’s!.3–5 Some groups
claim that large Stokes-like shifts are just due to an internal
electric field,6–8 but others report that the localization caused
by potential fluctuations plays an important role for the ra-
diative recombination.9–12 However, it is difficult with con-
ventional spectroscopy to separate two mechanisms by as-
sessing InGaN epilayers, which is usually used for active
layers of LED’s and LD’s. A transient absorption spectros-
copy is a powerful tool for investigating not only carrier
dynamics but also the absorption spectra depending on the
carrier density. This is because the carrier density is tunable
in the same sample by adjusting the optical delay between
pump and probe beams. Although there have been a few
reports on femtosecond transient absorption spectroscopy in
GaN epilayers,13–15 they are mainly related to the ultrafast
carrier dynamics related to the energy transfer to the bottom
of the band. Photoinduced absorption in GaN/AlGaN single
quantum well ~SQW! due to internal and built-in electric
fields has been reported by employing degenerate pump-and-
probe ~P&P! experiments at room temperature.16 However, it
was rather difficult to assess the detailed spectroscopic
modulation using single laser source for both pump and
probe beams, and to distinguish various factors, such as
screening of internal electric fields, band filling of localized
centers generated by potential fluctuation of quantum con-
finement, and band gap renormalization induced by many
body effects. In this paper, we investigate transient absorp-
tion spectra by P&P spectroscopy using white light as probe
beam in a 0.15-mm-thick undoped GaN epilayer on
Al0.2Ga0.8N at 10 K, paying attention to the effects of internal
electric fields and photoinduced carriers on the modulation
of excitonic absorption.
The sample used in this study was grown by the two-flow
metal organic chemical vapor deposition ~MOCVD! method.
The structure consists of an undoped 1 mm Al0.2Ga0.8N
layer grown on c-plane sapphire followed by an undoped
0.15 mm GaN layer.
The transient absorption spectroscopy depicted was per-
formed for the measurement of temporal behavior of absorp-
tion using a dual photodiode array in conjunction with a 25
cm monochromator. The pump beam ~340 nm:3.646 eV and
360 nm:3.443 eV above and below band gap, respectively!
was created using an optical parametric amplifier which was
pumped by the output beam from a 1 kHz regenerative am-
plifier. The white light used for the probe beam was gener-
ated by focusing a part of the output beam from the regen-
erative amplifier on a D2O cell. The pulse width of both the
pump and probe beam was 150 fs. Optical delay time of the
probe beam with respect to the pump beam was tuned by
changing the position of the retroreflector which could be
controlled by the pulse stage. In order to detect the probe
beam with spatially uniform carrier distribution in the
sample, the focus size of the pump beam (300 mm in diam-
eter! was set so as to be much larger than that of the probe
beam (100 mm in diameter!. Furthermore, the probe beam
was perpendicularly polarized with respect to the pump
beam, and the transmitted probe beam polarized in this di-
rection was detected to avoid the scattered component of
the pump beam. All of the measurements were performed at
10 K.
Figure 1 shows the cw photoluminescence ~PL! spectrum
under a He-Cd laser excitation, as well as the reflection and
the absorption spectra. The PL peak is located at 3.504 eV
and the PL linewidth is about 22 meV. The PL linewidth is
much broader than that ~a few meV! of a typical GaN epil-
ayer with a few micron thickness directly grown on sapphire
substrate via low temperature grown GaN buffer layer. The
absorption peak of excitons is observed at 3.521 eV. Free
excitons in hexagonal-GaN (h-GaN! are composed of three
bands labeled EXA , EXB , and EXC , that are transitions from
the conduction (G7c) to the A (G9v), B(G7uv), and C (G7lv)
valence bands, respectively. Among them, EXA and EXB
bands are much pronounced than the EXC band considering
their oscillator strength. However, it is not possible to ob-
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serve two absorption peaks probably because of the broad-
ness of each component. Nevertheless, the shoulder structure
appeared at around 3.510 eV. The absorption peak at 3.521
eV is shifted towards higher photon energy side by about 43
meV compared to the transition of EXA in the nearly strain-
free homoepitaxial h-GaN layer.17 From the x-ray diffraction,
the lattice constant c has a large value of 5.194 Å compared
to 5.185 Å of the strain-free GaN.18 A GaN epilayer suffers
a large amount of in-plane biaxial compressive strain. This is
caused by the thermal expansion coefficient and the lattice
constant differences in the heterostructures GaN/AlGaN and
AlGaN/sapphire. From Refs. 19,20, the energy positions of




«zz5(c2c0)/c0 denotes strain along the c axis, where c0
and c are the lattice constants for the unstrained and strained
crystal, respectively. Therefore, the EXA and EXB are esti-
mated to be 3.504 and 3.517 eV. The experimental absorp-
tion peak at 3.521 eV and the shoulder at 3.510 eV are prob-
ably attributed to the EXB and EXA , respectively, although
there are small deviations ~4 and 6 meV! from the theoretical
values. The validity for assigning the main peak to the B
exciton is supported from the fact that the oscillator strengths
of A and B excitons are comparable, and that the band-tail
absorption is preferentially superimposed on the higher en-
ergy band. It should be noted that the similar feature is also
observed for a 0.38 mm thick GaN single epilayer where the
band-tailing is less dominant than the sample assessed in this
study.15
Figure 2 shows the transient absorption spectra under the
photoexcitation above the band gap for some optical delays.
Just after the photoexcitation, the absorption decreases in the
whole region because of the saturation of the absorption ow-
ing to the high carrier density ~about 1.431020 cm23). And
the absorption peak of exciton disappears because the carrier
density is above Mott density (1018 cm23 for GaN at 10
K!.21 The PL lifetime at the carrier densities from 131017 to
1.431020 cm23 is about 6 –7 ps measured by time-
resolved-photoluminescence spectroscopy ~TRPL!. Assum-
ing that the PL lifetime is 6 ps ~7 ps! in the time range from
0 ps to 30 ps, the density of free carriers at 30 ps is estimated
to be less than 131018 cm23 (231018 cm23) and it prob-
ably corresponds to about the same value as Mott density.
Therefore, the absorption peak of excitons is restored at
about 30 ps. After 30 ps, the absorption peak is shifted to the
lower energy side and the absorption peak of exciton is clari-
fied. The PL lifetime below 131017 cm23 is about 14
61 ps. So the carrier density decreased roughly less than
131013 cm23 for 200 ps. This lifetime is shorter than that
~a few hundred ps! of a typical GaN epilayer. This may be
because the large strain induced the formation of nonradia-
tive recombination centers which limit the recombination
channel even at low temperature. The absorption spectra
from 20 to 200 ps are larger than that of without pump beam.
This is because Franz-Keldysh and Stark effects due to the
internal electric field suppressed the absorption without
pump beam. The internal electric field strength due to piezo-
electric polarization can be calculated using «zz , elastic con-
stants, and piezoelectric constants. However, estimated field
strength range from 0.15 MV/cm to 0.45 MV/cm, mainly
due to the scattering of reported values of piezoelectric
constants.6,22,23 Photoinduced carriers almost eliminated
Franz-Keldysh and Stark effects because of the screening of
the internal electric field.
Figure 3~a! shows the spectra of the photoinduced change
of optical density (DOD) at several optical delays. DOD is
expressed by the following equation:
DOD5log10S TT1DT D5Dad30.434, ~3!
where T ,T1DT is the probe beam intensity in the absence
and the presence of the pump beam, respectively. Da is the
photoinduced change of absorption coefficient, d is the thick-
ness of absorbing layer. Therefore, at DOD,0 the absorp-
tion decreases due to the bleaching, and at DOD.0 the
absorption increases due to the photoinduced absorption. The
bleaching was observed in the whole energy range just after
FIG. 1. PL spectrum of a thin GaN epilayer at 10 K under cw
excitation with a He-Cd laser ~325 nm!. Absorption and reflectance
spectra are also inserted in the figure. The absorption peak of exci-
tons is located at 3.521 eV.
FIG. 2. Transient absorption spectra in a thin GaN epilayer at 10
K under the femtosecond pulse excitation ~3.646 eV!. The broken
curve is the absorption spectrum without a photoexcitation.
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photoexcitation. After 20 ps, the photoinduced absorption
was observed in the energy range of 3.51 to 3.55 eV. The
decay curve at ~i! 3.553 eV, ~ii! 3.530 eV, and ~iii! 3.507 eV
was shown in Fig. 3~b!. The decay curves are not simple
exponential curves because DOD is affected by the many
effects such as the band filling, the Mott transition and the
screening of the internal electric field. Within 20 ps after the
photoexcitation, DOD is negative due to the saturation of the
absorption owing to the high carrier density. After 20 ps,
DOD becomes positive at 3.530 eV. And DOD maintains
negative at 3.553 and 3.507 eV in the whole time region.
From 40 ps to 200 ps, the decay curve keeps constant. As
already mentioned, the free carrier density of 1.4
31020 cm23 is decreased less than 131013 cm23 at 200
ps. Provided that the photoinduced absorption is due to the
screening of the internal electric field, the carrier density of
131013 cm23 is too low to induce the screening of the in-
ternal electric field. Therefore carriers trapped at deep levels
having a very long lifetime play a major role for this screen-
ing effect. Although it is difficult to estimate the exact time
constant of these trapped carriers because of the limitation of
time delay ~250 ps! in our system, it is presumed to be more
than 8 ns taking into account the signal to noise level within
the time scale of 0–200 ps. This value is much longer than
free carrier decay time estimated by TRPL. From this
sample, PL band related to donor acceptor pair ~DAP! is
obtained. However, intensity of such band is one order of
magnitude smaller than exciton related PL band. The zero
phonon line of DAP is located at 3.304 eV indicating that
shallow levels of both donor and acceptor originate from this
DAP band. Moreover, almost no deep level emission such as
yellow luminescent band could not be observed. Therefore,
carriers, trapped at deep levels recombine nonradiatively, al-
though atomic or molecular origin of trapping center is un-
clear. It is difficult to exactly illustrate how carriers trapped
at deep levels screen the electric field. However, if trapped
carriers to the growth direction are not uniformly distributed,
the internal electric field can be screened. We assume that
after the photoinduced electron and hole are separated by
electric field, each electron and hole relaxes to nonradiative
recombination center at each position. Then the electron and
hole trapped at deep level can screen the internal electric
field, because the trapped electron and hole are distributed at
different points in the growth direction.
To investigate the effect of the deep-level trapped carriers,
the transient absorption spectroscopy under the photoexcita-
tion below band gap was performed. The DOD spectra and
decay curves under the photoexcitation at 3.443 eV are
shown in Fig. 4. The spectra under the photoexcitation below
FIG. 3. ~a! Differential optical density spectra taken at various
time after pulsed excitation with a photon energy of 3.646 eV
~above band gap excitation! at 10 K. ~b! Temporal behavior of
optical density monitored at ~i! 3.553 eV, ~ii! 3.530 eV, and ~iii!
3.507 eV.
FIG. 4. ~a! Differential optical density spectra taken at various
time after pulsed excitation with a photon energy of 3.443 eV ~be-
low band gap excitation! at 10 K. The spectrum taken under above
band gap excitation is shown as a broken curve for t5200 ps. ~b!
Temporal behavior of optical density monitored at ~i! 3.553 eV, ~ii!
3.530 eV, and ~iii! 3.507 eV.
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band gap are almost the same from 0 ps to 200 ps. In order to
compare the effect of photoinduced excitonic absorption
with that above band gap excitation, the DOD spectrum at
200 ps taken under 3.646 eV is shown in Fig. 4 by the bro-
ken curve. The photoinduced absorption was also observed
under the below band gap excitation although the positive
signal is about 67% of that under the above band gap exci-
tation. It is well known that ac Stark effects contribute to the
photoinduced absorption under the photoexcitation below
band gap. However, such effects take place within a few
picoseconds in GaN.24 The observed photoinduced absorp-
tion has time constant much longer than 200 ps. Therefore,
the origin of photoinduced absorption is probably ascribed to
the screening of the internal electric field. The absorption
coefficient at 3.443 eV in this GaN epilayer with the internal
electric field of 0.15 and 0.45 MV/cm was estimated to be
about 0.1% and (0.6%), respectively, of the absorption co-
efficient at 3.646 eV considering Franz-Keldysh effect.25
Therefore, the carrier density just after photopumping is es-
timated to be 131017 and 831017cm23 in the electric field
strength of 0.15 and 0.45 MV/cm, respectively, neglecting
the absorption saturation and transition between free and
bound states. In the very simple model as the parallel con-
ductive plate, the electric filed strength as large as 0.25
MV/cm ~2.0 MV/cm! is induced if the carriers with concen-
tration of 131017cm23 (831017 cm23) are spatially sepa-
rated between GaN surface and GaN/AlGaN interface. This
value is overestimated because deep level traps are distrib-
uted within GaN epilayer perpendicular to the growth direc-
tion. Nevertheless, it is found that carriers trapped at deep
levels can screen the internal electric field even with the
density of 1017 cm23 order.
In conclusion, the dynamics of photoinduced absorption
has been studied in a thin highly strained GaN epilayer using
the transient absorption spectroscopy at low temperature.
The Mott transition was observed just after the photoexcita-
tion. Decreasing the carriers, the absorption peak of the ex-
citons is restored. The absorption spectra became larger than
that without pump beam due to the screening of the internal
electric field. The time scale of this screening is more than 8
ns larger than PL lifetime. Moreover, the photoinduced ab-
sorption was also observed under the photoexcitation below
band gap. The results suggest that carrier density necessary
for screening piezoelectric field is in the order of 1017 cm23
and the carrier trapped at deep levels contributed to such
phenomena.
A part of this work was performed using the facility at the
Venture Business Laboratory at Kyoto University
~KU-VBL!.
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